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For instance, the equivalent inductor circuit for the example of Fig. [10] F. Grover, Inductance Calculations Working Formulas and Ta-
is shown in Fig. 5. bles NewYork: Dover, 1945.
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section” is used which is based on the skin depth of the signal "”‘?12] Y. Massoud, J. Kawa, D. MacMillen, and J. White, “Modeling and anal-
at the specified frequency. Skin depths for copper interconnects at a = ysis of differential signaling for minimizing inductance cross-talk,” in
few sample frequencies are shown in Table Il. When the skin depthis  Proc. DAC 2001 pp. 804-809. )
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each one of the four interconnects. 128-bit 2-way superscalag-processor,” inProc. DAG 2000, pp.
647-52.

V. TEST CASES

A number of test cases that are from actual chips used to validate
the extractor are examined in this section. The extracted results were
compared to those obtained from the HFSS tool and are tabulated in

Table Il Simultaneous Switching Noise Analysis Using
The results from HFSS are used as the benchmark and the percent Application Specific Device Modeling

error is defined as the difference between the results obtained from this

approach (static) versus those of the HFSS. Li Ding and Pinaki Mazumder

Test cases 1 and 2 are clock trees with only interconnects between
the driver and the sinks using differential clock signaling. Test cases

3-5 are clock distribution trees, which include buffers to balance the ‘*: ) )
odeling methodology to develop simple device model that accurately

clock tree [_12]._In order.to preserve _the signal_ integrity, differenti acks the actual device |-V characteristics in relevant but bounded
clock signaling is used with ground shields on either sides of the clogkerating regions. We have specifically used a simple MOSFET model
signal. Percentage error for test cases 3-5 is calculated as the worstrecisely analyze the switching noises generated on a chip due to

case piece-wise difference between the static results and those obtafifgditaneous driving of chip output pads by bulky buffer gates. Previous
from HFSS. works in analytical modeling of simultaneous switching noises employed

long-channel andac-power law transistor models; however, these models
led to complex circuit equations that on truncation caused poor matching
VI. CONCLUSION between manual analysis and actual simulation results. Also, in order to
retain the simplicity of manual analysis, previous researchers ignored the
This paper underlines the need for a more accurate interconnectggasitic capacitances of the bonding pads. This paper demonstrates that
traction algorithm that models inductance as well as capacitance &{d¢'Sing a simple application-specific transistor model, circuit equations

. L . . can be solved precisely without requiring any gross approximations or
re5|st§1nce f‘?f VLSI circuits. The results obtained from this ana!ysilﬁodel truncations, even when the inductance effects of bonding wires are
combined with the extracteRCs were used to analyze propagationsimultaneously considered along with parasitic capacitances of the output

times. This analysis has resulted in savings of hundreds of thousapads. The analytical results derived in this paper tally with HSPICE

of dollars in mask-set costs that would have been required if @aly Simulation values within 3% deviations.

analysis were used. Index Terms—Alpha-power law model, device modeling, digital system
More accurate modeling of interconnects based on the technologyse, noise modeling, simultaneous switching noise.

[13] is the next area of improvement. The proper modeling of intercon-

nects remains as one of the most challenging areas of the VLSI design

as the industry moves toward smaller devices.

Abstract—In this paper, we introduce an application-specific device

|. INTRODUCTION
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integrity, and it reduces the overall noise margin of a system. The effe Yo

of SSN is becoming more prominent as a result of the continuou Cvon Rvoo
increase in both chip integration level and system operating spee Lwpo
Therefore, it is extremely important to accurately model the SSN an
develop SSN-aware design methodologies to ensure high performan _~ 1L Naniig Nan ke et
and reliable operation of VLSI chips. viv o o o Vi o
. . Ni ’ N2 ) N3 N~ :
The effects of SSN are prominently noticed near the output pads ¢ < < < <

a chip owning to the following reasons. First, the output drivers are “ground”
usually very large in size, drawing significant amount of instantaneou Cvss
currents when they switch to change the output binary states on pac

Second, in clock synchronized chips the output drivers tend to switcn

simultaneously, which is especially true for output bus drivers. Third, @)

the parasitic inductance of the bonding wire and the package is usually Voltage controlled

current source

Lvss

Ruvss

in the range of nano-Henries. Therefore, in this paper we will study
the SSN at output pad drivers. Furthermore, we will primarily model
the SSN on the ground network since the mathematical treatment can
similarly be extended to the power network.

Simultaneous switching noises at chip output drivers have been
studied extensively in the literature by various researchers [7]-[13].
As a result of these studies, many elegant circuit designs have been (b)
proposed for pad drivers after duly taking into account of the SSN ) o ) . ) )
effects [14]-{18]. Two central components in any SSN modeling%- (@ Equvalent diraut for simuliaaous switching noise modeling
include the transistor model used in circuit equations of the pad driver
circuits, and the pad parasitics that significantly influence the accuracy
of the resulting SSN modeling, as it has been demonstrated in thigmulas depending on the operating modes of the system. Through
paper. HSPICE simulation, it is observed that the SSN model without the pad

Previous attempts in SSN modeling [9]-[11] have used#ipower capacitance values is adequate when the system is in the over-damped
law model [19] for short channel devices. However, because of the urede. The paper also demonstrated that the proposed new SSN model
of the ath power function in thex-power law model, frequently ap- including pad parasitic capacitances should be used when the system
proximation techniques have to be used to obtain the closed-form sakiin the under-damped mode with small number of pad drivers.
tion involving transcendental functions in the SSN models. Vemuru [9] The rest of this paper is organized as follows. In Section Il, we pro-
assumed that the time derivative of the drain current was a constantgose the application-specific MOSFET model for estimating the simul-
deep submicron processes. #al. in [10] applied Taylor series ex- taneous switching noise. In Section Ill, a simple SSN formulation is
pansion on the drain current and simplified the expression by truncatimgsented on the basis of the simple model and is compared to previ-
the second and higher order terms in the series. 8balgin [11] made ously published results. Section IV includes the parasitic capacitance
two assumptions in their SSN model: constant derivative of the dravfithe package in the model. We derive the maximum SSN voltages for
current and linear time dependent SSN voltage. In this paper, we intfour different cases depending on the value of the parasitic capacitance
duce an application-specific device modeling (ASDM) methodologgnd the slope of the input signal. Finally, we present our conclusions
for SSN modeling. In contrast to conventional short-channel deviae Section V.
models like the commonly used-power law model that attempts to
track the transistdr-V characteristics as closely as possible over the en-
tire domain of transistor operation, the proposed ASDM methodology
tightly matches the characteristics of a MOSFET device at the tran-In this paper, we study the simultaneous switching noise caused by
sistor operating region of interest in a specific application, and hengs switching ofV identical output drivers. For simplicity of presenta-
the name ASDM. By sacrificing the flexibility of a full-scale MOSFETtion, only the noise at the ground network is discussed. The SSN at the
model, ASDM approach gives a more accurate modeling in the refgawer-supply grid can be analyzed similarly. The main purpose of this
vant region of MOSFET operation and leads to a simpler mathematigalper, similar to that of [7], [9], and [11], is to calculate the worse case
formulation for the pad driver circuits. Using the proposed ASDM aBSN voltage in a chip when the following are given: i) the deep sub-
proach, we have developed a new SSN modeling technique that degsron process technology to derive the ASDM model; ii) the values
notrequire any series truncations and model approximations, hence ghparasitic inductance and capacitance; and iii) the number of simul-
proves the overall accuracy in comparison to previous methods.  taneous switching drivers. It may be noted that the worst case SSN

For the purpose of SSN modeling at output drivers, previous modelscurs under the following conditions: 1) the load capacitance is infin-
only considered the parasitic inductance of the bonding wire while titely large so that an output node stays high during the entire period of
parasitic capacitance and resistance of the wires and pads weretinee when the input switches; 2) all drivers switch at the same time and
glected. For a pin grid array (PGA) package, the values of the pam-the same direction; and 3) there is no decoupling capacitance. The
sitic inductance, capacitance and resistance are typically 5 nH, 1 pguivalent circuit for SSN modeling is shown in Fig. 1(a).
and 1 n§2, respectively [15]. While it is reasonable approximation to The simplified circuit for ground bounce modeling is illustrated in
neglect the effects of the small resistance because its accomp#Ryingig. 1(b), where the small parasitic ground resistance is neglected.
voltage drop is typically less than 1 mV, the effect of the package paférom here onwards to maintain simplicity of notations, we omit
sitic capacitance has not been quantitatively evaluated. In this paperth& subscripts of the capacitance and the inductance. The pull-down
derive a complete SSN model which considers both the parasitic indtransistors are modeled as a voltage controlled current source. In the
tance and capacitance of pads and bonding wires. We specifically sh@arst case load condition, one can reasonably assume that the output
that the maximum SSN voltage can be obtained using four closed-fonmdes stay high during the input rising period and the transistors are in

Il. MOSFET MODELING FORSSN ESTIMATION
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Ip (arb. unit) TABLE |
@ ! " ' ' ' EXTRACTED MODEL PARAMETERS FORMOSIS TSMC ROCESSES
—— SPICE Process | Voo (V) | Type | K mA/V) | Vo (V) Y
————Linear approx. 0.18 um 1.8 NFET 0.455 0.606 1.044
PFET 0.258 0.759 1.090
0.25 #m 25 NFET 0.299 0.722 1.046
PFET 0.217 0.907 1.039
0.35 um 33 NFET 0.209 0.877 1.050
PFET 0.175 1.034 1.062
49 MOSFET model (BSIM3). Itis observed that, 1) for any given value
V=18V of Vs, I, is approximately a linear function &, and 2) the group
Ve =Vs of I'p versusVg curves are equally spaced with differént values,
which suggests a linear dependencd gfon Vs. Therefore, the tran-
. sistor drain current can be formulated as
0 0.3 In=K(Ve-Vo—~Vs), when Vg >Vo++Vs  (3)

andl;, = 0, otherwise, wher&;, measures the voltage displacement
®) " ) ) ' and~ — 1 models the channel length modulation effect.
SPICE / As illustrated in Fig. 2(a), the simple linear model matches the drain
———— Alpha-power current curves exFremer well when the cgrrent values are _not very
small. The small discrepancy near the transistor threshold region is not
important for the SSN modeling purpose because the current, as well
as the change in current, in this region is insignificant. As a compar-
ison, in Fig. 2(b) we have plotted the drain current curves calculated by
thea-power law model. The simple linear model actually matches the
BSIM3 curves slightly better than the-power law model in the rele-
vant region. The model parameters are extracted by least square error
fitting of the MOSFETI-V characteristic. We have assumed that the

ID (arb. unit)

\‘Z = ‘I/.SSV transistors have the minimum channel length for the given technology.
Only the portion of operating points with a drain current greater than
20% of the saturated drain currentis considered in the curve-fitting pro-

0 0j3 ' 00 cedure. Extracted model parameters for three recent TSMC processes,

which are available through MOSIS, are shown in Table I. The value of
K is per micrometer transistor width assuming minimal channel length.
Fig. 2. MOSFETI-V characteristic modeling. (a) Linear approximation. The proposed SSN-specific device model may look similar to the
(b) c-power law model. a-power law model ifo is set to 1. However, the proposed ASDM
linear model is conceptually different from this special case-pbwer
law model. Firstee-power law model does not account for the effect of
channel length modulation while the ASDM model captures this ef-
foct through the parameter. SecondV; in the a-power law model
is the actual transistor threshold voltage; in contrestin the ASDM
Ip = KVas — Vi)™ (1) linear model is an arbitrary fitting number. For example, for the n-type
transistor in the TSMC 0.18m process}’ is 0.50 V while the ex-
whereV is transistor threshold voltage andis a fitting parameter tractedV/, is 0.606 V. Third, in the parameter extraction process, the
which is close to 2 for Iong channel FET’s and is close to 1 for Sho&f_power law model, being ageneraj-purpose device model, is designed
channel devices. Directly applying (1) for analytical study of the SSNg model the entire MOSFEIFV characteristic while the linear model
however, turns out to be impossible to obtain closed-form formulagly tries to match the portion of the characteristic that is of interest
because of theth power function. Therefore, various approximationg the specific application, therefore it offers better matching with the
techniques have been used in the literature, each of which leads tonizasured characteristics in the regions of interest. A general-purpose
accuracy in addition to the error introduced in device modeling.  device model, like the-power law model, tries to achieve good overall
Onthe other hand, we are only interested in certain specific operatin@tching quality with respect to all possible combinations of voltages
region of a transistor for the SSN application. More specifically, we agg four terminals of a MOSFET device. In this specific task for mod-
interested in the scenario that the drain terminal of the FET Stays hg‘hg of SSN’ 0n|y limited regions that pertain tothe linear region ofthe
during the input rising period and the source and bulk terminals of tReOSEFET are considered. Paradoxically, ASDM employs simpler and
FET have the same voltage. Therefore, the drain current of the FlsEomplete formulation of the FET devices, nevertheless this anoma-
can be Wr:tten as a function of two variables, the gate voltage and {88s modeling indirectly leads to more accurate estimation of SSN.
source voltage

Vi (V)

the saturation region [7]. According to Sakurai and Newterjsower
law model [19], the drain current of a MOSFET device when in th
saturation region can be modeled as

[ll. SIMULTANEOUS SWITCHING NOISE CALCULATION
Ip = f(Va, Vs). 2
Previous analytical models for simultaneous switching noises at
In Fig. 2, we plot the drain current of a 0.18n process n-type tran- output drivers only consider the parasitic inductance [9]-[11]. To make
sistor with respect to the gate voltage at different source voltage valuadair comparison among the models, in this section, we first assume

The solid curves are obtained through HSPICE simulation using Letkht the effect of the parasitic package capacitance can be neglected.
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Fig. 3. Comparison of SPICE simulation and model results. (a) Simulated waveforms of ground node and I/O nodes. (b) Simulated and calculatedsimultan
switching noise voltage. (c) Simulated and calculated current through the inductor.

The condition when this assumption is valid will be discussed in the

next section.

Referring to Fig. 1(b), when the parasitic inductance is the only de-
vice connecting between the voltage-controlled current source and tt
true ground, the simultaneous switching noise due to the dischargin
current of N identical drivers through the inductor can be formulated

as

V(t)=NL pr

Inserting (3) into the right side of the above equation and noting that ir
this applicationV: andVs should be replaced by;x andV', respec-

tively, one obtains

dVin(r) _ AV (#)
dt Tt

V(t)=NLK <

and the ground voltag® () stays at zero before the input voltageF

dIp (t)

(4)

Simultaneous Switching Noise (V)

) ,  when Vin(t) > Vo (5)

Vin(t) reachesly. Equation (5) can be simplified to the following
equation assuming the input signal is a ramp input with a rising slopgnge that the input signal rises, in this case, from 0-0.5 ns. It is ob-
served that both the SSN voltage formula and the current formula match
the SPICE simulation results very well.

of s,:

V(t) Sy

+ NLK~ ~— ~’

dt

node

V(‘/Z) = NLs, K (1 _ c*(sr(f*fo)/“/l\rLSrK)) .

t > to.

(6)

1.0
_a--8""
LB oo
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ig. 4. Comparison with SPICE simulation and with previous works.

Fig. 4 plots the calculated maximum SSN voltage with respect to the

number of simultaneously switching drivers together with two previous

This is a first-order ordinary differential equation. And the initial condi[nOdel calculation results [9], [11] for the TSMC 0.1 process. The

tion is that the ground node voltage is zero at the tirset, . Therefore,
we can solve the differential equation to obtain the following time-del_-
pendent formula for simultaneous switching noise voltage at the groun

proposed model is shown to be the most accurate among the three. We
have also compared the models based on drivers designed using the
gMC 0.25xm and 0.352m process technologies and the proposed
model has similar advantage in accuracy.

Besides being accurate, the formulation of the maximum SSN

7(70 S t S tr
@)

wheret.. is the rise time of the input signal. The maximum noise voltage
is achieved at the time the input signal reackes , which, after sim-

plification, reads

Vi = NLs, K (1 - e—<vDD—vo>/~,~NLer>) .

H = NLs,.

Then (8) can be rewritten as

8)

Vin =HK (1 - 67(VDD*V0)/7HK)) .

voltage is very simple. Now let us further look into (8). Define a
circuit-related figureH

(10

(11

The time-dependent current through the transistor can then be calgjst, itis observed that the maximum simultaneous switching noise is a
function of the circuit-related figur& and process-related parameters

lated using (3) and (7)

In(t) = K (s,t = Vo = AN Ls, K (1 — 70102V 10 )

to <t <ty

9)

K, Vpp, Vo and~y. The design implication of this observation is that,
given a process technolog¥, is the only variable that we can use in
circuit design to control the simultaneous switching noise. Seclind,

is a simple multiplication of three factord?, L, ands... This means
Fig. 3 compares the time-dependent ground voltage and current ¢akt changes in each of those three factors will havesdmeeeffect on

culated using the proposed formulas with SPICE simulation resuSN. This observation is helpful in optimizing the bonding pad driver

using typical parameters. Note that the formulas are valid only in tlesign.
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TABLE I
FORMULAS FORMAXIMUM SSN VOLTAGE CONSIDERING BOTH PARASITIC INDUCTANCE AND CAPACITANCE
Case Condition Description Maximum SSN voltage formula
(1 R At A,
1 A>0 over damped NLKs(1 e vid v vid 0),
2 A=0 critically damped NLKsr(I —(1+ Mryo)e"h"-") ,

3a A <0, t,0<m/w | under damped (fast input) NLKsr(l — e‘h"-”(cos(ntr,o + %;Sill())lno)) ,
3b | A<O,t0>n/w | under damped (slow input) NLKS,(I + 6_3“),

where  1,0=1,(1-Vy/Vbp), Ah=NKy/(2C), ©=/4C/L—N2K?/(2C),

M = (NKy— /N2K*¥ —4CJL)/(2C), A, = (NKy+ /N?’K> —4C/L)/(2C
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Fig. 5. Comparisons of simulated and calculated SSN waveforms. (a) Case 1: over d&nmged,0 nH, C = 1.0 nF,t, = 0.50 ns,IN = 10. (b) Case 2:
critically damped,L = 5.0 nH,C = 3.0 nF,t, = 0.50 ns,IN = 10. (c) Case 3a: under dampell,= 5.0 nH,C = 2.0 nF,t, = 0.50 ns,N = 6.
(d) Case 3b: under dampeBl, = 5.0 nH,C = 2.0 nF,¢t, = 0.75 ns,IN = 4.

IV. SSN MODELING WITH PARASITIC CAPACITANCE Case 1):A > 0, (Over Damped): In this case, the time dependent

In this section, we study the simultaneous switching noise proble%nSN voltage can be derived as

considering both parasitic inductance and capacitance. The problem , /
J g P PO () = NLKs, (1 T ‘W) (16)

can be formulated as follows: TN — N Mo — A
Vt)=L _‘Uz(t) (12) where
a
e . . LAV (D) NEK~v—+VA NE~ 4+ VA
I (t) =NK(s,t — Vo — 7V (t)) = C R (13) P — e Ao = e
wherelL () is the current through the inductor. Inserting (13) into thgngs — ¢ — to. It can be shown that the derivative of the SSN voltage
right side of (12), one gets the following with respect to time is positive definite during the pertadk ¢ < t..
2V (1) v 1 Therefore, the maximum SSN voltage is obtained at time
c 'dtQ + NK~y ’dt +7 V(t) = NKs,. (14) Case 2)A = 0, (Critically Damped): In this case, the SSN voltage
' ' waveform can be derived as
Denoting ,
V(t) = NLEs, (1= (1+2)e ) 17)
A=N’K>y* -4C/L (15)
where
the system is in one of the three operating modes depending on the NEK~

/ )\ = .
value ofA. 2C
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Fig. 6. Comparisons of simulated and calculated maximum SSN voltagek. f2)5.0 nH, C = 1.0 pF andt,. = 0.50 ns. (b)L = 2.5 nH,C = 2.0

pF andt, = 0.25 ns. (c) Relative error of (a). (d) Relative error of (b).

Similarly, it can be shown that the derivative of the noise waveforl®SN voltage. A complete list of the formulas for maximum simulta-

with respect to time is positive definite during the perigdk ¢ < ¢,.

Therefore, the maximum SSN voltage is also obtained attjme
Case 3):A < 0, (Under Damped): In this case, the time dependentsimulation with those calculated using the manually derived equations

simultaneous switching noise voltage is calculated as

V(t) = NLKs, <1 —e (cos wt' + A sin wt’)) (18)
w

where

Lo NEy _ JiCJL = N?K?+?
T o0 YT 20 :

The derivative of the above noise voltage formula is

) )\2 L2
V/(t) = NLEs, 212 o
W

o, '
sin wt

(19)

neous switching noises is shown in Table II.
In Fig. 5, we compare the noise waveforms obtained by HSPICE

with or without considering the parasitic capacitance. Fig. 5(a) shows
the case that the system operates in the over-damped mode. The model
without considering the capacitance predicts slightly faster transient re-
sponse in the beginning but is still able to approximately characterize
the transient response of the noise glitch. The critically damped case is
shown in Fig. 5(b). Despite the apparent difference in noise waveforms,
the peak noise voltage that the simple model predicts is still very close
to the actual simulated value. In Fig. 5(c), we illustrate the case that the
system is in the under-damped region and the input signal rise time is
relatively small. Here, the maximum noise voltage is reached attime
The simple model that neglects parasitic capacitance starts to show its

meaning that the simultaneous switching noise voltage reaches ldealdequacy in terms of modeling peak noise voltage. Finally, Fig. 5(d)
maxima/minima when the terain wt’ is zero. Itis derived that as long shows the case that the simple model clearly fails to predict a mean-
as the input signal rise time is greater than the time for the ground nojagful maximum SSN voltage value. This is the case that the system
voltage to reach its first peak is under damped and the input signal is slow. As shown in Fig. 5, the
simple model predicts that the noise reaches its maximum atttime

tr >to+m/w (20) .
(0.75 ns), whereas the actual noise peaks at aroun@.6 ns. On the
the maximum SSN voltage occurs at the first noise peak other hand, it is also observed that the improved model that takes into
V. — NLKs, (1 " c‘(”“‘)”) _ 1) apcoun_t both parasitic capamtaqce and inductance is able to match the
simulation waveforms very well in all four cases.

If, on the contrary, the inequality shown in (20) does not hold, the max-Fig. 6 compares the derived formulas with HSPICE simulation
imum SSN voltage is obtained at time results in terms of maximum simultaneous switching noise voltage.
There are four possible cases on the whole: over damped, criticdfiig. 6(a) shows a typical case whete = 5.0 nH andC = 1.0
damped, under damped with fast input signal, and under damped with while Fig. 6(b) assumes that the number of ground pads is
slow input signal. Each has a different formulation for the maximumoubled, therefore, the parasitic inductance is halved and the parasitic
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capacitance is doubled. The relative model errors of the two cases are
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