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Abstract— This paper presents a hybrid algorithm on P/G nekso
of Mesh+Tree topology for ASICs. Based on existabgorithms,
equivalent circuit method and TLM-ADI method, olgagithm is of
linear complexity to solve P/G networks of Mesh€Tmepology. First,
it uses equivalent circuit approach to compress khesh+Tree P/G
circuit into the circuit only of Mesh topology, whiis a linear
complexity and error-free process. Then, it usesitbM-ADI approach
to linearly solve the reduction circuit of Mesh ¢dqgy. Last, once the
reduction circuit is solved, it can back-solve lelhves nodes from the
base nodes of trees, which is linear complexitpeErments show that
our method is indeed linear complexity to analyZ& PRetworks of
Mesh+Tree topology for ASICs while it speeds uprivegnitudes over
HSPICE.

1. Introduction

As technology scales into nanometer regime [1]omanying
with soaring frequency and power consumption, I@<hmeed large
and complex power/ground grids, which makes deaigh verification
of P/G networks become challenging [2]. Driven bgrketing strategy,
most of chips are ASICs that usually utilize Meste€Ttopology for
their P/G grids due to the reliability as well as flexibility. This kind
of P/G networks utilizes mesh topology of the ceagsid on upper
levels for the reliability while the tree topologyf the fine grid on
lower levels for the flexibility. So it is imperag to find the algorithm
that can efficiently analyze huge P/G networks @fski+Tree topology
[14][15].

As P/ G grids of Mesh+Tree topology experiencetthge current
flows in high-end ASIC chips, they are more susibépt to
current-induced reliability and functional failurdsie to excessive IR
drops,Ldi/dt noise, electro-migration and resonance effectgebsing
parasitics due to rising frequency and continuingghing for more
device integrations lead to exponential complexigyowth of
pos-layout P/G networks. As a result, very scaldtdnsient analysis
techniques of P/G grids are required to capturdrtbieasing dynamic
voltage fluctuations for guiding the design of rebR/G grids. But the
traditional circuit simulators methods like SPICE ao longer able to
meet the formidable tasks of analyzing P/G circuitth millions of
extracted RLCK elements in a timely manner.

Driven by the increasing importance of P/G intggrimany
efficient linear circuit simulation techniques halveen proposed for
fast P/G grid analysis in the past. Those methadkide the model
reduction based method [3][5][15], the hierarchicahnd
macro-modeling based method [4][5], subspace pliojecbased
approach [6], iterative approaches such as pretiondd conjugate
gradient method (PCG)[7], multi-grid methods [8][9]the
transmission-line-modeling  alternating-directiorpilnit  method
(TLM-ADI[10], the random walk method [11], and r®deduction
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based approaches [12][13][14][15].

Paper [15] is the first try to efficiently solve ®/networks of
Mesh+Tree topology. But it uses such the complitalRRIME
algorithm to compact trees that it becomes ingffiti As the result, it
only speed up 10-20X times over HSPICE [15]. P4péf uses one
efficient and error-free method, the equivalentcwir method, to
compress trees and then to solve the reduction mieshit with the
PCG algorithm. But the reduction mesh circuits ofi& P/G grids are
still so large that the method [14] becomes in&ffit

In order to find an efficient algorithm of lineabmplexity for
huge P/G networks of Mesh+Tree topologie induce the TLM-ADI
method to deal with the reduction mesh circuitgsithe method is the
algorithm of linear complexity [10]. In this papeve do much more
works to combine two methods from [14][15] into a@ne practical
method, EQUADI, to solve huge P/G networks of MeBiee topology
in linear complexity. Experiments demonstrate thla¢ EQUADI
method solves the test cases indee®(N) complexity so that it can
deal with huge P/G grids.

The remainder of the paper is organized as follo8exction 2
describes the Mesh+Tree topology for P/G grids $f@s. In section 3,
the approximate modeling is introduced to transf&®bC circuits to
R-only circuits for the static analysis. Sectioprésents the EQUADI
method and its algorithm analysis. Experimentalitssare collected to
validate the method in section 5. And section éctaies the paper.

2. P/G grids of the Mesh+Tree topology

/
Figure.1 Mesh topology for coarse grids on upper iels

Shown in Fig.1, the mesh topology provides 4 cotioedegrees
for each node so that it can guarantee the ratyalidlr power delivery.
As the coarse network on upper levels deliverselargnd larger
currents from PADs to the fine network, designerssirconsider the
electro-migration (EM) effect of copper caused hg farge current
density. Thus, they choose the mesh topology tarerthe reliability
of the coarse network on upper levels.

On the other hand, the fine network on lower levelperiences
the little current density, which in turn, decreasbe EM effect.
Therefore, designers choose the tree topologyherfine network on
lower levels in order to shorten the ASIC desiguleysince the tree



topology is the most flexible among all candidates.

Figure.2 Tree topology for fine grids on lower levis
3. Approximate Modeling for Static Circuit Analysis

It is difficult to directly simulate RLC circuit lmause it may
induce additional nodes as [10] and can’'t comptesss as [14]. In
order to transform RLC circuits into R-only ciraufor the static circuit
analysis, we must use the trapezoid approximati@hod and the
Norton equivalent theory to simplify P/G circuits fallows.

Let h be the time step used at simulation skef. For the
capacitors and inductors, trapezoidal companionetsodf Norton’s
form are used. In this way, we will not introduceyaextra nodes.
Specifically, the current across a capacitor gi ktdl is:

2C 2C
Ic,k+1 :Tvckﬂ_(TVc k+ I Ck)’ (1)

We then combine two grounded current sources, sneoining
from the independent current source and anothecorsing from
capacitor's companion model, into one current seeg.; for each
RLC section:

2C
eCr,k+1 = e,k+1_[Tl Y,k + ',k ) (%)

and rename the equivalent resistor fr@ys companion model as
ri=h/2C. As a result, RLC circuits in Fig. 1 and Fig. 2¢ze simplified

to the resistor-only circuits for the static anédys

In rest of the paper, the symt’)BTl is used to mark variables at

k+1 step. For instancey

.kflf#.kfl mean the voltage of nodgj) and

the absorbing current source connectef,jloat thek+1" step.

4. The EQUADI method

In this section, we describe equivalent circuit moet and
TLM-ADI method for tree compression and mesh ariglya two
sub-sections. And then, the algorithm is presented.

where Ve, lewo Verss leier denote, respectively, the branch voltages 4.1 Equivalent Circuit Model for Tree Simulation

and branch currents of the capacitor at &apd stegk+1 respectively
and C is the value of the capacitor. Similarly the catréhrough an
inductor at stef+1 is:

h h
I L k+1 = ZVL,k+1 + (ZVL,k +1 Lk)’ @

whereV, i, ||k VLk+1, k1 denote, respectively, the branch voltages
and branch currents of the inductor at stégand stegk+1 andL is the
value of the inductor.

Because a segment of P/G grid includes a resiatbaa inductor,
there are two floating resistors and one floatingrent source in the
segment after the trapezoidal transformation foinaictor. Thus, we
merge two floating resistors for each RLC sectisrshown in Fig. 3
using Norton theory. Then we have:

R'=2L/h+ R, @)

h 2L./h
€ = 7 Vik * ik I , @
' 2L, "2L/h+ R
whereV, ;andl_;x are the branch voltage and branch currehj af
stepk. They can be represented with node voltages aattbrcurrents.
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Figure 3. Merge two resistors in a RLC section.
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(b) the case with two simplified leaves

Figure.4 Tree Compression Procedure

After the approximation process described in atsration, RLC
trees can be transformed into the R-only trees shiowFig.4(a). The
approach in [14] uses Norton theory to error-freenpress trees into
only base nodes remained as shown in Fig.4. AadP#& circuit of
Mesh+Tree topology is compressed into the smatuitof pure mesh
topology shown in Fig.5. Once the reduction circsitsolved, the
counter- procedure of Fig.4 is operated to backestdaves’ voltage
from the base nodes.

The approach in [14] uses PCG algorithm to soleer#mainder
mesh circuit. If the mesh circuit is large enoutfie inefficiency of
PCG algorithm may cause the inefficiency of the rapph, which
means the approach can’'t deal with huge P/G c&ciait high-end
ASIC application. In the following subsection, wepose a novel ADI
method to efficiently solve the R-only meshes shawhig.5.

4.2 ADI Method for Mesh Simulation

The TLM-ADI approach [10] can directly deal with RLmeshes

but can’'t solve the static meshes obtained in abmwesection. In

(d) the last simplest case



following, we propose a novel digital ADI methodskd on the basic
TLM-ADI theory. Our digital ADI method consists tfvo steps: the
horizontal implication operation at tHe+0.5" step and the vertical
implication operation at thie+1.5" step.
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Figure.5 Static Mesh Circuit for ADI Method

k+1
i,jVv?

k+1
ij,H?

Shown in Fig.5, rilj,Rfle’R*_lle,el el

eqik?l are the

known equivalent values for the reduction circdiipore mesh.

For the static mesh circuit, the horizontal imgiica operation at
the k+0.5" step usek+1"™ currents for horizontal branches akfl
currents for vertical branches to formulate thelofeing equation
according to KCL law.

k+05 4 +e#k+05 —d

(6)

k+1 dv‘ik,j

where v/

rYO-S,eqik;O-S are the voltage of nodgjj and the equivalent

k+1
Hli,j?

current linked to the node &t0.5" step. Meanwhlled

K
d\/‘i,j

are two current differences between two brancheshamnizontal
direction at thek+1™ step and between two branches in vertical

direction at th&" step.

As the values at thid" step are known, we only need to compute
the values at thie+0.5" step and thi+1" step as follows.

V[ e +edli® = 05V = r  + 05Vl <1 +05(eq,1+eqk*1) @)
= 05gIJ oy 05(9. IV‘ +eéh J +e4k+1)
kﬂ—l .kfl-lHikff, 8)
[(V:(ffj_ :(;1)+R‘1H lk:lH] [(Vkﬂ k‘?l); —11H+elk—111H]
=GVt (B G Mt GV + Bl el
where g ..G',,,G_,,, are the conductance corresponding to the

resistorsr, . \R", ,,R,;, ShowninFig.5.
With EQ(7) and EQ(8), EQ(6) can be transformed E(9).
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Then, EQ(9) can be simplified into the followinguadjon.
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The right term of EQ(10) is the known current whiteee left
terms are unknown. With EQ(10), all nodes of eamh compose of a
tri-diagonal matrix that can be solved in lineampbexity.

Then at thek+1.5" step, the vertical implication operation can
also be formulated into the following equation adaog to KCL law.

Vv k+].5;r +eqk+15 — d k+1+d k+2 (11)

Similarly, EQ(11) can be transformed into the fallog equation.
And all nodes of each column also compose of diaggonal matrix so
that they can be solved in linear complexity.
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With EQ(10) and EQ(12), we propose the digital Abéthod of
the linear complexity to statically simulate theneéned circuit of pure
mesh topology shown in Fig.5.

4.3 The EQUADI Algorithm

Based on the above analyses, we propose the EQEWDIithm
to efficiently solve huge P/G networks of the MeStee topology for
high-end ASIC applications in this subsection. Thecedure of
EQUADI is described as follows.

+G’

i,j-1V

2, )-oslg, v

(12)
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1) Equivalent parameters should be refreshed agrided in
section.3.

2) Equivalent circuit method is used to compress khesh+Tree
circuit into the reduction circuit of the pure megipology as
shown in subsection 4.1.

3) The digital ADI method in described subsectiof & used to
solve the reduction circuit in linear complexity.

4) Equivalent circuit method is used to back-sallldeaves of trees

from base nodes planted on the mesh circuit as rshiow

subsection 4.1.

Because the complexities of all four steps arealinthe EQUADI
algorithm is linear, too, which means the algoritbam deal huge P/G
networks for high-end ASIC applications.

Paper [10] proves that ADI method is unconditionatiable. And
we can easily prove that the trapezoidal approxonatis
unconditionally stable, too. Thus, EQUADI is alsacanditionally
stable.

Although the trapezoidal approximation is of then®p@ccuracy,
the ADI method is only of the @) accuracy. Therefore, our method is
also of the af) accuracy, which means we only shorten the tiraplst
to increase the accuracy.

5. Experimental Results

The proposed simulation algorithm has been impleateim C++.
All the experimental results are collected o8W@N V880workstation
with 750MHzUltra SparcCPU and 2GB memory. The number of time
steps is assigned 120 for one clock cycle and VORS5V.

From above analyses, the EQUADI algorithm is of timear
complexity while it is unconditionally stable andHhp accuracy. The
following four figures are drawn to show the supgety of the



EQUADI algorithm from the viewpoint of experiment.
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Figure.6 Time Complexity Comparison
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Figure.7 Memory Complexity Comparison

With comparisons with HSPICE in Fig.6 and Fig.7, ean see
EQUADI is really a fast, efficient algorithm. Andencan see the time
and space complexity of the EQUADI algorithm ar¢hbo ().

With the DC transient response of EDU-ADI with difnt time
steps in Figure.8, we can conclude the EQU-ADI w@llgm is
unconditional stable.
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Figure.8 DC transient response of EDU-ADI with differemhé steps
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Figure.9 Accuracy Comparison with HSPICE
Figure 9 shows the waveform of the random selectd$ voltage.
N 4 N

We can see the error is small enough. In fact, aveshorten the time
step h for obtaining high accuracy due to thehpéccuracy of the
EQUADI algorithm.

6.Conclusion and Future Work

This paper proposes the EQUADI algorithm to effitig solve
the transient P/G networks of the Mesh+Tree topplfag high-end
ASIC applications. Besides the unconditional stbiand linear
accuracy, the algorithm shows its superiority ia lihear complexity of
both run-time and memory. Thus, the algorithm cHitiently solve
huge P/G networks of millions of nodes.

In future, we will polish the algorithm for effiaidy solving huge
P/G networks that include coarse meshes on uppersi@and complex
grids of different topologies in different areaslower layers.
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