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Short Papers

The Power Grid Transient Simulation in Linear Time based on a multiinput, multioutput transfer function which enables the
Based on 3-D Alternating-Direction-Implicit Method entire power distribution network to be computed as the product of
several small individual sparse square matrices. The transmission ma-
Yu-Min Lee and Charlie Chung-Ping Chen trix method is 7-13 times faster than SPICE and saves memory re-

quirements. Reference [9] developed an efficient modified nodal anal-
ysis (MNA) solver to speed up the dc and transient simulation of the

Abstract—The rising power consumption and clock frequency of power delivery circuits. This MNA solver is based on the precondi-
‘éep’ 'argeESfa'e.'”tetgra“(.’” :ec.hnollotgy demar|1d rOb“Stla”d Stab'g F?.O‘Ner tioned Krylov subspace-iterative method, which has been shown to be
st?tlj\éi?r/és érinfééiiréﬁniegna?'yz]g géevlsr SQIivaerg/eflicc?uZtiF:)?]chz;uszévf)r;/ s_igr!ifican_tly faster than trr_;\ditional iterative methods Withou_t precondi-
dynamic IR drop and Ldi/dt drop as well as package and on-chip reso- tioning. Itis about 20-50 times faster than the SPICE, requires less than
nance. In this paper, we develop a novel and efficient transient simulation 70% memory space, and the solution is exactly the same as SPICE’s.
algorithm for the power distribution networks. Our algorithm, three-di- RecentlyEE Timeseported one of the most promising methods, the
mensional (3-D) transmission-line-modeling alter_nating-direction-impIicit TLM-ADI method, which was proposed by Lee and Chen [10]. They
(TLM-ADI) method, first models the power delivery structure as 3-D 554504 to use the transmission line modeling (TLM) [11] method to
transmission line shunt-node structure and transfer those equations to - L . . ]
the telegraph equation. Finally, we solve it by the alternating direction p_erfor_m the tlmg-domaln §|mulat|on. TLMis closely_ related to the fi-
implicit method. The 3-D TLM-ADI method, with linear runtime and Nite-difference time-domain (FDTD) method, which is one of the most
memory requirementis also unconditionally stable which ensures that popular and powerful computational electromagnetic techniques in the
the time steps are not limited by any stability requirement. Extensive microwave simulation field [12]-[14]. The TLM method differs from
numerical simulation results show that the proposed algorithm is not only - EpTD in the sense that it utilizes transmission line cells to model the
over 300000 times faster than SPICE but also extremely memory saving g4\ otre and directly solves the voltage and current quantities while
and accurate. h . ..

FDTD uses Yee cell structure to obtain electric and magnetic fields.

Index Terms—Alternating direction implicit, power/ground, simulation,  Since voltages and currents are the major focus of the VLSI power de-
transmission-line-modeling. livery analysis, TLM method can be applied directly to perform power
delivery transient simulation. The TLM method has been successfully
applied to analyze the two-dimensional (2-D) LC networks by Gwarek
[15]. Unfortunately, the time-step size is restricted by the minimum

Due to the ever-increasing clock frequency and the aggressivgid cell size (Courant stability condition as the standard FDTD method
shrinking feature sizes of the very large scale integration (VLSJ}4]).
technology, robust power distribution network is crucial to ensure the| ee and Chen [10] tried to directly solve the KCL and KVL
quality of power delivery of VLSI chips. This makes the issues of thgquations by utilizing the transmission line equations. Although their
design and verification of the power grid analysis more important. Thgethod is an unconditionally stable alternating-direction-implicit [16]
improper design of power grids can degrade the circuit performangeD|) scheme for the 2-D power grid networks, it cannot be directly
and the reliability. To obtain a robust design, numerous researchgjgended to the three-dimensional (3-D) power grids. In this paper,
studied the impact and proposed solutions of this problem [1]-[5]. instead of solving the KCL and KVL equations, we first set up the

There are many sources of power fluctuation such as IR drop, Ldifghnsmission line equations of the 3-D power grid networks. Then,
drop, and resonance issues. Although the IR drop can be simply @ transfer those equations to the telegraph equation, and develop an
amined by the dc analysis, the Ldi/dt drop issues need to be analygedonditionally stable ADI algorithm, which relaxes the time-step
by the transient simulation due to the differentiation nature of Ldi/@onstraint. With this new method, the upper bound of the time step
drop. Hence, extensive transient simulations are required during the @eonly limited by the accuracy requirement rather than the stability
sign process to ensure the design quality of power delivery. Referengguirement. Thus, it greatly lightens the computational load due to
[6] decoupled the power delivery structure, and transistors simulatigqe reduction of number of time steps. Furthermore, the runtime and
to enhance the simulation speed. However, owing to the tremend@iémory is linear with the number of total noddssince the method
amount of the power delivery elements, general purpose circuit simhly solves aroundv?/? tridiagonal matrix equations with dimension
lators such as SPICE [7] require long runtime and memory consump*/3 « N'/3 at each time step. Extensive experimental results show
tion. Therefore, it is crucial to develop efficient power grid transierthat our algorithm is not only orders of magnitude faster than SPICE
simulation engines. but also extremely memory saving and accurate.

Several techniques [8]-[10] have been developed to speed up th&he remainder of the paper is organized as follows. First, the review
analysis. Reference [8] presented the transmission matrix methochf@he finite-difference algorithm, and the relation between the modi-
reduce the memory usage and CPU time for analysis. The methodidsl nodal analysis (MNA), transmission line equations (TLE), and the

telegraph equation will be studied in Section Il. Then, the derivation of
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v Ve Then, assembling the KVL and KCL equations for each cell, the full
“ g ’ system equations can be represented as

é%x—l—dx:o 2

|

s,

wherex is the vector of nodal voltages and branch currents. The above
system equations are equivalent to the modified nodal analysis (MNA)
equations.

1) Connection Between MNA and Transmission Line Equa-
tions: Multiplying both sides of (1) by the inverse oF,;;, and
approaching\z, Ay, Az, andAl to zeros with the uniform internodal
distance assumptidl\z = Ay = Az = Al), leads to the following:

ov, 1 0ty Oiy 0.
@“5( o ay a_> ®)

Syeceeens:
b/ SN,

—i  —e
SEPIN [Pp—

Qi 1 v .
o 1 <_a_ B ) “)
diy, 1 ov .
o 1 < oy ”y) ®)
di. 1 Jv .
\vl—’z x o0 <‘ 9z ) - ©
,[, The above equations are the general transmission line equations
l, Nl which can be solved by the related techniques such as TLM
KCL E and FDTD methods [12]. The procedures and concepts of the

general finite-difference methods for solving the 3-D TLE are

) quite simple. First, the domaint vy —z—¢ planes) of the solu-
\sﬂ tion is discretized by a net with a finite nhumber of mesh points
@ (zi,y5, 2x.tn) = (iAx, jAy, KAz, nAt), which is denoted a$ ; ;..

Then the derivatives at each mesh point are replaced by the finite
difference. There are many ways to perform the finite difference,
such as forward, backward, or central difference. For example,
by using the central difference, th#v(x:,x;, z,t)/9t, 41,2 and

1. (x, Y5, 2. thgr/2)/O2: can be approximated as

KVIL(x-)

/2 rix/2

3 n+1
Qo(in . kat) _ ~Viiu+ 0l @)
atn+l/2 At
, .n+1/2 .n+1/2
af'.v(%l/j:zkwthrl/Q) - Tl yyo 0 Trip/0 50k @)
Oz Az ’

The 9i./08t,diy/dt,di./0t, iy /Dy, Di./dz, Ov/dx,Ov/dy, and
dv/0z also can be approximated by the similar way. The branch
current,i,., can be approximated by the central-time-average
.n—1/2 .n+1/2
77Cq'+1/2.j.k l1i+1/2.j.k

5 . ©)

Thei,, andi. can also be approximated in a similar way. Plugging

the structures of the ground and power networks are the same, Fighd above approximations into (3)—(6), we can get a simple explicit
only shows the power delivery networks. This model results in identictivite-difference updating scheme, which is an extension of the 2-D
formulations for both the analysis of the power and ground networksrcuit [15]. Each nodal voltage and branch current at each time step
For simplicity, in the remainder of this paper, the analysis of the powean be easily solved, since only one unknown variable appears in each
distribution network is assumed. For each cell as shown in Fig. 2, thgference equation. This scheme suffers on the Courant stability con-
wire segments are represented by resistors and inductors connectegriiint, [12], [13] which is

Fig. 2. KCL and KVL for a cell.

Go(Xig1 /2, Yjs Zhatn) R

series inr andy directions with a capacitor connected to the ground 1
networks, and the vias are modeled as resistors and inductors connected At < 1 - - = (10)
in series in: direction. The parametersl, andc are resistance per unit Vic \/(Ax)2 t ot

length, inductance per unit length, and capacitance per unit length,
spectively. Once the circuit model has been set up, the system matr
are created by using the transient nodal analysis. First, the KCL at
center node); ; i, and the KVL along ther, y, and = directions of

the center node are applied to each cell, as shown in Fig. 2. The K L2) Connection Between TLE and Telegraph Equatiom:order to

and KVL equations for a nod®);,; . at position(z:, y;, zx) can be s e (3)—(6), we can first differentiate (3)—(6) with respect,te, y,
written as follows (the independent current sources have been igno 8- then combine the results with (3). This leads to a second order

for simplicity): partial differential equation as follows:

9 N . 0% v v 9% 9% _
ik 5y Xk = —GijkXije- @ Megm T3y \getaztaz) =0 (D

AS the feature size of VLSI technology is decreasing to;i, and
il 1/+/1c being one-half of lightspeed, the Courant limit is close to
8833 fs. Thus, it needs around 2.5710° time steps to simulate a

-ns period.
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After that both sides of (11) are divided BYyc to give the telegraph

dv 0%v
tag —b( 5y +

equation

8%
o2 ot Ox?

wherea = r/l, andb = 1/3lc.

Hence, we can solve the telegraph equation (12) instead of solving
the transmission line (3)—(6). Extending the one-dimensional (1-D)
simple implicit FDTD method [17] of the telegraph equation to the

8%

8%
a?**) =0

022

above 3-D telegraph equation, (12) becomes

TR
(At) 24t
n—+1 n+1 n—+1
—b 7"H»l]k_Qv +vz 1,7,k
(A.’l/)
n+1 n+l n+1
+11J+1k L]/C+1'L] 1.k
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n+1 n+l n—+1
I]lw+1_2v +vl]l-—1 -0
(Aé)2

(12)

(13)
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TABLE |
THE 3-D TLM-ADI A LGORITHM
The 3D TLM-ADI Algorithm
Input= v}, ,, :‘],1 Vi,5,k  Output= v:';',ﬁ Vi, j, k
Begin
Sub-Iteration 1:
+1(1 11 1(1 ..
—prH§£+(1+2naﬁ;;‘) pouh ) i ik
= —-(Ag +A )U?:k : + (26()’()1] kT clvz] k)
Sub-Iteration 2:
+1(2 +1(2 +1(2
—Py?, ?;-p-g IZ_:(% + 2/’y)”?{(k§ )~ ] :'tj—g,lz
7 +1(* ..
=0+ A0 :],k ; Vi, 3,k
Sub-Iteration 3:
1(3 1(3 1
—Pz ?;.ki-l)-:((zl) + 2pz) _::;:(k() ) — Pz :: (31)
Wi T * ..
= 1_7k +A 'L]k ’ V’L7J’k
End
and set
n+1 n—
o = 2000 — 00k (24)

Although this simple implicit scheme is unconditionally stable, we +1
need to solve a heptadiagonal system of algebraic equations at e4Bi¢h is a prediction ob'7, by the extrapolation method.
time step. Therefore, the computational time is extremely huge.

IIl. THE 3-D TLM-ADI M ETHOD

In this section, we will derive the 3-D TLM-ADI scheme of the
simple implicit FDTD method (13) by using an general ADI procedure
[18]. After the derivation, the two main features of the 3-D TLM-ADI
algorithm, unconditional stability and linear runtime, will be addressed.
Finally, we will extend our proposed method to the power grids with

nonuniform internodal distances.

The ADI method is a well-known method for solving the partial dn‘50|UtI0n ISU

Then splitting (14) by usmg an ADI procedure as in [18], we get a
set of recursion relations as follows:

(T+ Aol = — (s + Ag)0! )
+ (2(’01'?]-; cltll] ,i) (25)
(I+A2)o! 3P = o 10y a7 0 (26)
(I+ As)o[ 110 = o L@ 4 Az 1) 7)
wherev "+1(1) 'L"J”(Q) are the intermediate solutions and the desired

et ’_’, n+1(%)
o=

ferential equation (PDE). The main feature of ADI is to sweep direc- Finally, expand|n941 . Aa, andA; on the left side of (25)—(27), we
tions alternately. In contrast to the standard finite-difference formulget the 3-D TLM-ADI algorithm as in Table I.

tion with only one iteration to advance from théh to (n 4 1)th time
step, the formulation of the ADI method requires multilevel interme®- Unconditional Stability
diate steps to advance from théh to (n + 1)th time step.

Equation (13) can be rewritten

3
<I + Z 4,,) vt -

m=1

where the operators df A,.s, and the constants of, ¢; are defined

as
A
n L n
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Asv 1 = =py (Vg —
Az} ik = —pe (0] k1
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>
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b
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207k Vi)
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(19)

(20)
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(23)

The general way to verify the stability of a finite-difference kind
algorithm is to put a elemental solution into the algorithm and make
sure that the amplitude of the propagation gain is no more than one. By
applying the Von Neumann analysis [13], we can analytically prove
that our 3-D TLM-ADI method is unconditionally stable. Consider the
elemental solution of (12)

N = K" I(zk Antjhky Ay+kk.Az) (28)

Vi, J
wherek,, k,, andk. are the wave numbers along they, andz di-
rection, respectively, anll’ is propagation gain. Putting this elemental
solution into the 3-D TLM-ADI algorithm, and with some manipula-
tions, we get

Q(R.rRy + Rg/R; + Rszr + Ra:Rsz + CO)

I,v2 _ Ir
' (1+ R)(1+ Ry)(1+ R-) '
R Ry + RyR.+ R.R. + R.R,R. + ¢ —0 (29)
(1+Ro)(1+ R,)(1+R.)
where
R, = 4p, sin”(k, Ax/2) (30)
R, = 4p, sin® (ky Ay /2) (31)
R. =4p. sinz(sz:/Q). (32)
The solutions of (29) are equal to
K- A+co VD (33)

(I+R:)(1+ Ry)(1+ R-)
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where X N.
b} /
A o 7
D=A+c)2=1+R)A+R,)1+R)A+c1) z -/2/
A=R.R,+R,R.+ R.R, + R.R,R.. y N %
k4

By examining the amplitude ok’, we are able to prove that the 3-D

ne an N . : J 5 NG
TLM-ADI algorithm is unconditionally stable in the following the- e)‘,»"’ %"""a

orem.
Theorem 1: The 3-D TLM-ADI algorithm is unconditionally stable. /“N\ ~ a
Proof: To prove that the 3-D TLM-ADI method is uncondition- W 4 §
ally stable, we need to show the amplitude of the gain faktas less // 7 d
than or equal to one. Let us consider the following two cases. < 7 Z — SH,
« Case 1:D > 0. 1 / 4
From (19) and (30)—(32), we know that+ co is greater or

equal to zero. Hence
Fig. 3. Mesh points.

A4co+VD
(1+R.)(1+R,)(1+R.)

A+4co+VD
Ad+co+R:+Ry+R.+co—c1’

IN

| K]

S

We only need to prov® < (R, + R, + R. + co — ¢1)?, since
co — ¢ is also greater than zero

D—-—(R:+Ry+R. +co— Cl)z
= —(Ro+ Ry +R)(1+R.)(1+R,)(1+R.) 0...
S 0. IAX 124 rAX 120

O... ']

Therefore |K| < 1.
e Case 22D < 0.

12 A + 1 v\-‘"
|K|* = 0
(1+R.)(14+ R,)(1+ R.)
_1 __ _a
AA + (Af)Q 2?1 3
_ @0zt A S
" A+14+R.,+R,+R.
<L Fig. 4. Nonuniform internodal distance cell.

Therefore, the 3-D TLM-ADI method is unconditionally stable from The runtime of Subiterations 2 and 3 is al30V ) in a similar way.

the above derivations. ¢ Hence, the total runtime of the 3-D TLM-ADI algorithm {3(V') at
each time step. &
B. Linear Runtime x x 0 - 0
There are three subiterations need to be performed for each time step. x X X
By analyzing the runtime of each subiteration as shown in Table |, we =0 x 0 (34)
are able to prove the computational load of the 3-D TLM-ADI algo- ) )
rithm is linear time at each time step in the following theorem. : oo XX
Theorem 2: The runtime of 3-D TLM-ADI algorithm isO(N) at 0o -+ 0 x x
each time step, wher® = N, x N, x N, is the number of total
nodes.

Proof: Let us consider Subiteration 1 in Table I. We can divig&: Nonuniform Grids
the set of thes&” nodes by, x N. subsets with each one containing Generally, the internodal distancAf, Ay, andAz) may be dif-
N, points in ther direction, as illustrated in Fig. 3. Since only threderent for different cells in the power grids. Hence, we are going to ex-
unknown variables need to be solved in the updating equation with edaehd the 3-D TLM-ADI method to handle this situation, as illustrated in
(¢, 4, k), the coefficient matrix® ; ., associated with updating ; , s Fig. 4. The parametersand! are resistance per unit length, and induc-
is a tridiagonal matrix as (34) at each subset. Therefore, the runtimeafce per unit length, respectivety; ; .. is the equivalent capacitance,
updatingv,’,j‘ks is linear withO(N..). There areV, x N. subsetsin andAwz;i1/2 j x, Ayi ja1/2,5, ANAAZ; j 11,2 are the internodal dis-
Subiteration 1. Hence, the computational load of the Subiteration 1t@&ces in the;, y, andz directions for a cell for which the center point
O(N, x N, x N.) at each time step. is O; ; &, respectively.
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Fig. 6. Linear runtime for the 3-D TLM-ADI method. ) ) )
Fig. 7. DC transient response comparison between SPICE and the 3-D
TLM-ADI method.
@ ®
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Fig.5. Comparison of the (a) runtime and (b) memory usages betweenthe 3- g5 | I '_.._..?':,.p'
TLM-ADI, MNA solver, and SPICE. " A = = 10ps
o 1 1 1 1 1
We first set up the KCL and KVL equations for this cell, and apply 0 50 100 150 200 250 300
the similar derivation of (11)—(13). The 3-D simple implicit FDTD Time (ps)
method of the telegraph equation becomes ) ) o )
Fig.8. DC transientresponse of the 3-D TLM-ADI method with different time
e TR e Ay Rt ey steps.
(At)? 2A¢
v P e Fig. 5(a) and (b) show that the 3-D TLM-ADI method is not only about
—bijik Ariioon ATk 455 times faster than the MNA so_lver_ [9] _and over 11000 times faster
1 abl mdl o than SPICE, even though the grid size is only around 30000 nodes
Yig—tk — Yigk _ Yigk ~ Vgt (70x 70x 6), but also extremely memory saving. The same tendency
AYi 172,k AY; 172,k that the speedup increases with larger circuit size is also shown in
v?ﬁ_] _ ruj‘ﬂ, ,U’nﬁ - 'v?ﬁ“ Fig. 5(a). In Figs. 5(b) and 6, we demonstrate that the memory require-
A e Amas (T 0 (35)  ment and runtime for the 3-D TLM-ADI are both linear with the total
kL nakrt/ number of nodes. To present the accuracy of the 3-D TLM-ADI algo-

wherea = /1, andb; ;= 1/1C; ;.. rithm, we simulate afRLC circuit with 900 (15x 15x 4) nodes and
After utilizing the same procedure as in Section IIl, the recursidh 1-Ps time step. The Courant stability constraint is 0.317 49 ps in this

relations of the 3-D TLM-ADI method for the nonuniform internodaf@se- Fig. 7 shows that the waveform of the 3-D TLM-ADI method

distance case have the same form as (25)—(27) except for the definifigiees well with SPICE's at an arbitrary node in the power grids.
of the operatorst,, s (see Appendix A). The unconditional stability of the 3-D TLM-ADI method is demon-

strated in Fig. 8 with a 75-nodRL Ccircuit. The Courant stability con-
straint is 1.5874 ps in this case. Fig. 8 shows that the time step of the
3-D TLM-ADI method is not limited by the above stability constraint
The 3-D TLM-ADI algorithm isimplemented in C language and perbut only limited by the accuracy requirement.
formed on a Pentium IV 1.2 GHZ machine. The values, éfandc are
equal to 0.032/um, 1.26 pH/m, and 0.024 fRim, respectively. The
length of each wire segment is between 15 and; 100 and the resis-
tance of via is 32. Numerical results are also carried out by using the We have developed and implemented an efficient ADI algorithm for
MNA solver developed by [9] and the general circuit simulator SPICHhe transient power grids simulation, and proved its unconditional sta-
The comparison of runtime and memory usages is shown in FigbBity and linear runtime. The numerical experimental results also show
with ten time-step periods. The power grid model introduced in Seitat the 3-D TLM-ADI algorithm not only speeds up orders of magni-
tion Il is used to construct the test sets. The size of the test circuits staude over the SPICE but also reduces lots of the memory requirements,
from 1350 nodes (1% 15x 6) to 1008 600 nodes (410410 6). and the results agree well with SPICE's.

IV. EXPERIMENTAL RESULTS

V. CONCLUSION
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APPENDIX A Hierarchical Whitespace Allocation in
Top-Down Placement

Andrew E. Caldwell Member, |IEEE
Andrew B. Kahng Senior Member, IEEEand
Igor L. Markov, Member, IEEE

P 3 T n T
Vict,5k — Vijk Vigk — Vit 5k (36)
Afﬂiﬂ/z,]‘,k A$i+1/2,j,lc

N
n
Av e = —pijk

) JaN Vij—1,k — Vijk Vigk = Vij+1.k
A?”z{l,j,k = —pisk »J—1L, P P PV D Jt1, (37)

A’Zli,j—i/z,k A?]i,j-&-l/zk
. A 1;3].’,@71 — 1;;1,1,,6 7);7;j,k — 'U?,j,kﬂ _Abstraqt'—lncregsed transistor dgnsity in modern commercial ICs
A3vi e = —pijk Am - T T AL - (38) typically originates in new manufacturing and defect prevention technolo-
=g k—1/2 SFig k12 gies [15], [16]. Additionally, better utilization of such low-leveltransistor
1 a density may result from improved software that makes fewer assumptions
Pigk = Dijk (At)2 + IND (39)  about physical layout in order to reliably automate the design process.

In particular, recent layouts tend to have large amounts of whitespace,
which is not handled properly by older tools. We observe that a major
computational difficulty arises in partitioning-driven top-down placement
ACKNOWLEDGMENT when regions of a chip lack whitespace. This tightens balance constraints
for min-cut partitioning and hampers move-based local-search heuristics
The authors would like to thank T.-H. Chen for supplying the MNAsuch as Fiduccia—Mattheyses. However, the local lack of whitespace is often

solver code [9]. The authors would also like to thank the reviewers fepused by very unbalanced distribution of whitespace during previous

their invaluable comments. par'titioning, and this concern is emphasized in chips with large overall
whitespace.
This paper focuses on accurate computation of tolerances to ensure
REFERENCES smooth operation of common move-based iterative partitioners, while

avoiding cell overlaps. We propose a mathematical model of hierarchical
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