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Abstract

This paper describes a novel technique to analyze the effécupply voltage noise on circuit delay
for nanometer VLSI circuits. Scattering parameters arel useanalyze the power supply noise and to
reduce runtime and memory usage. The interconnectionsgidiver grid are modeled by RLC passive
elements, constant voltage and time-varying current gsurk fast and accurate MOS modeling method
for static timing analyzer is proposed based on the poweraralysis. MOS is modeled in three different
regions during transition, and the maximum delay is forrradaas a constrained non-linear optimization
problem by considering the power supply noise (inclusivettef IR-drop and the Ldi/dt drop). The
proposed technique has been applied to ISCAS85 benchmarkitsiredesigned in 45nm technology.
The results are compared to Hspice; they show that the esrarithin 5% of the Hspice simulation

results.

Index Terms

IR-Drop, Ldi/dt, Power Supply Network, Power Supply Vaidat, Timing Variation, Cell Character-

ization.

. INTRODUCTION

In Very-Deep-Submicron (VDSM) technology, the on-chip powssund voltage variation significantly
increases due to the IR-drop and the Ldi/dt noise. Reductidheovoltage drop in the power grid is a

primary design challenge. The large current consumptioosadong power lines with parasitic impedance
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causes low and/or unstable voltage levels on the grid. Thétaf performance and can cause circuit
failure due to the increased delay as result of the lowerpglguThe voltage drop also causes a smaller
effective threshold voltage (resulting in an increasedsmity to noise)[1][2].

With the aggressive scaling of VLSI circuits, the analysis ofvpr grids has become a necessary
step in VLSI design. However, a detailed analysis of the powel ig computationally intensive due
to the distributed and dispersive nature of the grid. A lamgenber of internal nodes or RLC elements
in a power grid usually overwhelms a circuit simulator. Farthore, a power grid suffers from Ldi/dt
noise as VLSI systems go beyond several GHz and power suppigntsiincrease; this requires special
techniques such as on-chip decoupling capacitors or regsléo provide a stable supply voltage. To
implement an efficient and accurate modeling and simulatiethod, a distributed RLC network and
frequency-dependent parameters are required for the pgsderThe scattering parameter(S-parameter)
is a promising alternative to overcome the above issues @argatisfy requirements because it is well
suited for characterizing and modeling power networks gh Hrequency [3]-[6]. The sensitivity of the
supply voltage variation to the supply current is developtthe block level based on the model. In this
paper, a S-parameter based macromodel for the power gridg®ged. At transistor-level, the sensitivity
of voltage variations to the block currents is establishaseld on the model.

The results of the power grid analysis must be also utilizethentiming analysis for accuracy. Gates
with different voltage levels that communicate with eacheotacross the chip, can propagate erroneous
data, thus causing a malfunction. Gate delays increasdimearly as the voltage at a logic gate decreases.
The increase in gate delay due to the voltage drop on the dhtepa ultimately lead to setup time error.
Moreover, the supply voltage drop on the buffers and inveredls of the clock path may cause the
clock signal arrival time to be different thus resulting inclbck skew and hold time error. Due to
the voltage drop and related signal-integrity effectsditranal timing analysis methods often provide
inaccurate results. Timing analysis in nanometer tectyyotequires a comprehensive design flow that
accounts for the interactions between power supply noisesagmnal-integrity timing effects using both
accurate parasitic data and detailed models. For exampiwentional timing analysis methods assume
global supply voltage drops in the range of 2 to 5%; they therun the delay calculation to determine
the IR-drop effects in a design. However, this approachiappghe same supply voltage to all gates in
the design and typically provides rather pessimistic tesdlhe IR drop on timing has a nonlinear effect
with supply voltage.

Therefore, the use of static timing analysis with a simpledinderated supply voltage cannot correctly

identify the setup and hold-time errors caused by IR drogteel factors [7]-[10]. In this paper, a new fast
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and accurate MOS modeling method for a static timing analiz@roposed. For fast timing analysis,
the modeling method uses the non-linear MOS model, and tisgaicmaximum delay is formulated as
a constrained non-linear optimization problem by consimethe power supply noise (including IR-drop

and Ldi/dt drop).

Il. CHARACTERIZING AND MODELING FORPOWER GRID

Power-ground distribution has been a challenge for high &pdeS] design because 10% supply
voltage variation may cause more than 10% timing uncestaiftitage drop has two aspects. The first is
often referred to as the DC IR drop; this is a result of the pdimes’ resistance and the current drawn
from the power and ground grids. A large current can causesistors to see lower voltage levels than
intended. If the wire resistance is too high or the curremdiiger than predicted, an unacceptable voltage
drop may occur. Circuit design in the nano scale is extrersalceptible to the voltage drop because
power and ground wire resistivities increase with decrepgjeometries and the overall power supply
voltage decreases. This results in poor performance anéagsed noise susceptibility. This problem
cannot be entirely solved by raising the value of Vdd becalisgower supply voltage level is different
from point to point.

The voltage drop can also be transient due to fluctuations il lmcglobal current demand and the
capacitive (and inductive, if the frequency is sufficientigh) nature of the loads. In a synchronous chip, a
system-wide clock may typically switch thousands of tratss at the same time causing current surges
that further reduce the supply seen by the gates. This phemmis called Simultaneous Switching
Noise(SSN). On/Off-chip decoupling capacitors are typjcabed to smoothen these transients [1][2].

The power grid is typically implemented using the top two rh&tgers. Grid lines on the same layer
are in parallel, while grid lines on the two different layerg orthogonal. The end nodes of grid lines on
each layer are connected via metal contacts. One end of titaatds connected to the current source
that represents the logic block.

The supply voltage on this node provides the current to thé& Iblpcks. A simple RLC distributed
wire model is commonly used to model a grid structure. The e/tyld structure is composed of grid
elements; each grid element is a segment of a wire connemtiogiodes. A RLC model is established
for each grid element. Figure 1(a) shows the basic model optveer supply network that consists of
the VDD and GND grids. Each grid is effectively a large meshuctrre shown in Figure 1(b). The
edges of the grids are connected to time-varying currentcesu Modeling of the time-varying power

supply voltage and current calculation of logic blocks ageywdifficult and time consuming due to the
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Fig. 1. Traditional power grid model, (a) Power supply network, (b)D/GND grid model
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Fig. 2. A representative node in the power grid

many simultaneous switching logic blocks and the parasitenents. For an efficient analysis and fast
simulation of the power grid, this paper proposes a signal fioeaph using S-parameter analysis.
In Figure 2, the grid model has 4-port inputs and 4-port owtfautd can be characterized byt & 4

scattering matrix as follows (all ports can be used as bqgthtiand output)

portl 511512513514 portl
port2 591592593594 port2
= X (1)
port3 $31532533534 port3
pOTt4 i 541542543544 i i pOTt4 ]

Scattering parameters are a powerful method to describe adélrthe interconnection network. They
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can be measured at high frequency and exist for all disgtblumped circuit elements, including open
and short circuits. Moreover, the parameters describestnesion lines that are critical for interconnect
analysis in high speed design. A scattering matrix is enealdp relate the outgoing waves to the incoming
waves of a multi-port circuit [12]. Each S-parameter can baioktl from the measured S-parameter in
Hspice, or the calculated S-parameter from the Z-parametarsifigle interconnection model [11]. For
an N-port component, the S-parameter matrix can be defined as

Sjl-(s):ﬁ ,j=1,2,...,n (2)

@i |y, =0,k+i

where s is the complex frequency;; andb; are the incoming voltage wave at parand the outgoing

wave at portj, respectively.

Based on the basic grid element and a single interconnegtamel, the total power grid is partitioned
as shown in Figure 3, in which each Power Network(PN) is the bamidel for the power grid of
Figure 2. On the assumption that PN1 and PN2 are connected ®htmiks as output loads, then all
the S-parameters of other PNs are calculated using signal flaphg{13]. By considering PN1 and PN2,
the calculated S-parameters of other PNs are effective thae®npters for the whole power network.
Once the effective S-parameters are calculated, Hspice asity simulate PN1 and PN2 and measure
the voltage drops at each logic block because other PNs astdenad as a large block (as simplified
by the S-parameters).

The so-called Mason'’s signal flow graph can be applied to ther&peter networks. Assume that the
network has two ports, then the graph is shown in Figure 4, @herandI";, are the source and load
refection coefficients. Using this graph, the transmittaoicthe network is calculated and it is given by

b1 1 S11(1 — S22'z) + S21512T' L,
— = —(PIA{+ P,Ay) =
(P1A] + PAg) (1= SoT7)

al A
wherea; is the source node ard is the sink node, the loop transmittanEeg) = Soo';, andA =1—-L1 =

3)

1 — SooI';,. The path transmittances is given By = S1; and P, = S511'1,S12. If A; is the value of

A for the portion of the graph not incident on tftd forward pathf’;), thenA; = 1—S5I'; andA, = 1.

Few rules can be used to simplify the graph.

« The serial paths in the graph are represented by multiplyiegateight of the paths.

« The branches joining common nodes are represented by addingeight of the branches.
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Fig. 3. Partition method for the power grid

Fig. 4. Mason'’s signal flow graph of a two port network

« The loop can be removed by dividing the weight of every othayeeentering the node by

{1 — (the weight of the loop)}.

The proposed simulator consists of interface programs tdaldaHspice, and C as shown in Figure 5.
The S-parameters from the four port RLC model are extracted Ipjcelsand the extracted S-parameters
are added to the lookup table in Matlab. Once the lookup t&blgenerated, the whole signal flow
graph based on the output load locations is generated. Ekmefite power networks connected to any
active circuit, the macro power network (that contains tbe/gr network under consideration and every

neighboring power networks) is generated in Matlab. Finadlgpice simulates the macro-networks that
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Fig. 5. Block diagram of the proposed simulation method for the power grid

contain the power networks and circuit blocks; it also cltas the voltage drop at the logic blocks by
considering the gate currents obtained from the timing risodeveloped in the following section. If only
the voltage drop is calculated, the logic block currentscir@nged based on the calculated voltage drop
within the local and global current constraints. The abovd finacedure is repeated until the worst-case

delay is found.

[11. GATE DELAY MODEL FORVOLTAGE VARIATION

In this section, agate delay model is developed by consiggyower supply variations obtained from
simulation to investigate its impact on gate delay. Figurén@as an inverter with modeling parameters;
the input is assumed to rise froly, to V;g. The output of the inverter falls from Vdd to Vss. Consider
the variation range of the power supply voltage. For theudirto function properly, the transistors
must be able to turn OFF; this sets the upper limit on the suppliage variation. It is necessary that
Vss — Vir| < Vi and|Vig — Vpp| < |Vinp|. In the worst case, if the opposite variations fok,V7r)

and (/;y,Vpp) are considered, then

Vin

|AVss| + |AViL| < Vi = roughly, |AVss| < - @)
v
|AVpp| + |AViH| < Vi = roughly, |[AVpp| < % (5)
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Vi

Fig. 6. Inverter with modeling parameters

Equations (4) and (5) set the limit of the tolerable supplytagé variation. In this paper, for simulation
45nm CMOS technology is used with a 1.0V supply voltage.

To develop a timing analysis in the presence of power supmdyggiound voltage variations, an accurate
delay model that dependent on these voltage variationgjisresl beforehand. A traditional delay model
utilizes two dimensional tables with entries representietpy and transition times for a specified input
transition time. In addition for aggressive scaled devitkes gate delay depends on the input (high and
low levels) the power supply and ground of the gate, its aukpad as well as the input slope [7]-[10].
It is rather complex to develop a timing model consideringtiase parameters. For simplification in
this paper, a non-linear MOSFET model is developed for the ttifferent timing regions during a gate
transition.

Digital gate circuits are reduced to a single NMOS transitimd a capacitor; the following differential
equation describes the charging events [14].

AVt (t)

C1LoadT = Iout(t) (6)

However, it is too complicated to derive the current equatd a non-linear device. In Figure 7, the
output current waveform is divided into three differentitign windows. In region 1, the output current
starts to flow through the MOSFET device and increases suddenkegdion 2, a high current flows
because both th NMOS and PMOS are turned on and there is littkerd increase. In region 3, the
output current decreases suddenly because the outputiteapadully charged and finally the current

stops flowing. In these three regions, the output current eambdeled as follows.
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Fig. 7. Current waveform of inverter
Region 1.
Vin(t/TiN) — Vru
Iout(t> = ( /R ) (7)
M
Region 2:
Vin —Vru
Tout(t) = ———— (8)
Ry
Region 3.
Vour(t
loa(t) = Y2070 ©
F

whereT;y is the transition time of the input signal, afith; and R are the effective resistances of the

MOSFET. Vin, Vour, and the effective resistances depend on the power suppgg.no

From equation (6) with (7), (8), and (9), the output voltdgg(r) is calculated.

Region 1:
Vout (t) = Vi — V; G-t (10)
out — Vdd IN 2RMCLTIN
Region 2:
Vin =V 2t —Tin(1+ Vg /V,
Vour (1) = Vi — (Vi~ = Vrm)( T ( T /Vad)) (11)

QRMCLT]N
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Region 3:

(V[N — VTH)(Qt — T]N(l + VTH/Vdd)) exp( ts —t )
QRMCL RFCL

wheret, is the rising time to the threshold voltage and is giventpy= Trn x Vg /Vdd, ts is the time

Vout(t) = | Vaa — (12)

boundary of region 2 and region 3.

From equations (10), (11), and (12), the signal delay is t¢aied as follows.

0< Td <Trn
Ty =ty + 2Ry CLTINAVour (13)
Tin <Ty<tsg
Tin(I+Vra/Vaa)  RuCrAVour
T; = 14
d 2 T Vi [V (14)
ts <1y
Ry Cr — (1 =V, Vaa)(2ts — TIN(1 + V; V.
Ty =ty + RpCy (2L ( TH/Vaa)( 1+ Vra/Vaa)) (15)

2R Cr(1 - AVour) )

These delay equations reduce the static timing analysisitaiadcuracy is within 5% error comparing
to Hspice simulation result. The effective resistances rwsgenerated in advance depending on the
input transition time, the output load; resistance valuessaved in a two-dimensional table. Delay is
estimated using a bilinear interpolation based on the tdfde the voltage variation, the sensitivity of
the effective resistance to supply voltage is calculatethatsame time. Using sensitivity, the effective
resistance is updated according to the voltage variatiopréwide a more accurate timing delay. For
complex gate circuits, the timing delay calculation throwggages is the same as for the inverter.

Based on the delay model, the propagation delay is estimthch small error. For signal propagation
an output waveform is generated using an input waveforminpet is linear and generates linear output
waveform as shown in Figure 8. the input transition tifg() is approximated from equation (11) as

follows.

VaaRuCl,
Tiny = &2 72 16
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Fig. 8. Approximation of output response

Using both the signal equation and the input transition tithe propagation from the primary inputs

to the primary outputs is obtained.

IV. COMBINING THE POWER GRID MODEL AND THE GATE DELAY MODEL

For calculating an accurate propagation delay for the MOSFEduits, the sensitivity of voltage
variations to the block current must be investigated at t@atel in the block . Therefore, the simplified
linear model of the power supply network is considered aseali system with time-varying currents as
inputs and time-varying voltage as outputs; this is showRigure 9(a). If the power grid is a network
with two port S-parameters, the transfer functidii(§)) is derived from Mason’s signal flow graph as

shown in Figure 9(b); this is given by

ﬂ—l—bfz 521(1+SO)
H(S) = Bs " Bs _ 17
(%) £ g 1451+ So(S12821 — S11522 — S2) 40

where Sy is the S-parameter of the output load.

As shown in Figure 10, thé/(s) function can be generated by the method presented in Sedtion |

After obtaining the voltage drop at the supply points (asnedr function of the block current), the
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Fig. 9. Power grid model as a linear system, (a) A two port networkM#&3on’s signal flow graph
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Iout > Iconstraint
Tdelay < Tdelay_new

Fig. 10. Overall flow of the proposed method

current of the logic blocks is updated using equations @)),dnd (9). After finding the new value of the
current, the voltage drop at the supply point is updated byHlis) function. The procedure is repeated
until the local and global constraints of the block curreats satisfied, and the final voltage drop and
current value are obtained. The propagation delay is estinay utilizing the proposed timing analysis

method and the final supply voltage.
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V. EXPERIMENTAL RESULTS

The proposed S-parameter based simulator for clock grid amdgianalysis has been implemented
in Matlab and C; the simulation was run on a 500MHz UltraSPAIRCwith 500Mbyte memory. The
proposed procedure has been evaluated using the ISCAS85nharkchircuits. Each benchmark circuit
has been redesigned in a 45nm CMOS technology and the loo&kblg has been generated for random
input variables. The variables have been generated 50 timéddmte Carlo simulation in Hspice to
obtain the average delay for the voltage variations. The gginnputs are characterized by a Gaussian
distribution.

In [11], the wire capacitance is the average of all the iaigt capacitances while the wire resistance
is the sheet resistance times the ratio of its length anchwikitble | shows the computational time for the
power grids (wire width = 0.04&m) with 1320 to 27055 nodes using Hspice and the proposed mhetho
The (simulated) execution time of the proposed method i®faktan Hspice by a factor of at least 12

folds.

TABLE |

EXPERIMENTAL RESULTS FORSIMULATION TIME

# of Grid Nodes|| # of Blocks || CPU time (sec):Hspicg| CPU time (sec):Proposed Methad
1320 12 87.34 5.03
3772 12 200.45 5.12
5832 12 750.94 12.34
10073 20 2707.68 20.63
27055 20 2810.24 225.63

Table Il shows the summary of the propagation delay perfdravéh a power grid simulation to
consider supply voltage variation. The eighth column is tirerebetween the Monte Carlo simulation
and the proposed approach. The delay is estimated at a corditkared of 97% for the Monte Carlo
simulation; the accuracy of the proposed method is withifadifference compared with Hspice (Monte
Carlo simulation). In addition, the simulation time of theoposed method is faster than the Monte Carlo

simulation by at least a factor of 1000.

VI. CONCLUSION

This paper has proposed a novel technigue for analyzing thetef supply voltage noise on the delay

of nanometer VLSI circuits. The proposed method considers th@HR and Ldi/dt drops in the power
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TABLE Il

EXPERIMENTAL RESULTS FORPROPAGATION DELAY

Circuit || # of gates|| # of Grid Nodes Monte Carlo Simulation Proposed Method error(%)
CPU time (sec)| Delay (psec)|| CPU time (sec)| Delay (psec)
C432 160 652 7451.23 162 10.04 164 1.22
C499 202 652 10121.45 132 13.32 138 4.30
C880 383 1320 22450.34 185 31.43 180 2.70
C1355 546 1320 22012.67 199 50.31 209 4.80
C2670 1193 1320 4915.98 312 400.64 320 2.50
C3540 1669 5832 6454.12 425 600.74 435 2.30
C5315 2307 5832 8312.87 300 800.14 316 3.40

supply network by modeling the logic block with a time varyiourrent source. This new model and the
corresponding analysis and methodology for power grid natdering parameters to reduce the simulation
runtime and memory utilization. Along with the power gridadysis, a method for logic propagation delay
has been presented; it uses different MOS models for the tiegions of signal transition. Based on the
MOS model, the circuit maximum delay is formulated as a qais¢d non-linear optimization problem
by considering the power supply noise (including the IRpdamd Ldi/dt drop). The proposed technique
has been applied to the ISCAS85 benchmark circuits redesignd®nm technology. Its results are
compared to Hspice. They show that the error is within 5% coetwith the Hspice simulation results.
The proposed methodology can be used in power distributigigdeand power supply aware timing

analysis for nanometer VLSI circuits.
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